Trigeminal somatosensory receptors have not been characterised in teleost fish and studies in elasmobranchs have failed to identify nociceptors. The present study examined the trigeminal nerve of a teleost fish, the rainbow trout (Oncorhynchus mykiss) to determine what types of somatosensory receptors were present on the head of the trout specifically searching for nociceptors. Single unit recordings were made from receptive fields on the head of the fish innervated by the trigeminal nerve. Each receptive field was tested for sensitivity to mechanical, thermal and chemical stimulation. Five different receptor types were found: fast adapting receptors responding to mechanical stimulation; slowly adapting receptors responding to mechanical stimuli; polymodal nociceptors responding to mechanical, noxious thermal and chemical stimulation; mechanothermal nociceptors responding to mechanical stimulation and noxious heat; and mechanochemical receptors responsive to mechanical and chemical stimulation. Mechanical thresholds, receptive field diameter, conduction velocities and thermal thresholds of the receptors were determined and there was no significant difference between the receptor types in terms of these properties. Three shapes of action potential (AP) were recorded from these receptors: type 1 with no inflexion; type 2 with an inflexion on depolarisation; and type 3 with an inflexion on repolarisation. Conduction velocity, amplitude and duration of the APs, after hypolarisation amplitude and duration, as well as the maximum rate of depolarisation were measured for each action potential type. No major differences were found when making comparisons within receptor type and between receptor types. The fish nociceptors had similar physiological properties to nociceptors found in higher vertebrates.
Introduction
In vertebrates, the trigeminal nerve, the fifth cranial nerve, conveys somatosensory information from the head and mouth to the brain [7] and [40] . As well as mechanical and chemosensory information, the trigeminal plays an important role in nociception, the detection of noxious, tissue damaging stimuli [5] , [12] , [25] , [43] and [46] . Trigeminal nociception has been extensively studied in higher vertebrate groups (e.g., birds [8] and [12] , mammals [5] and [33] ; and humans [24] ) and nociceptive or painful experiences from oral and facial areas are a common clinical occurrence in humans [10] and [36] . However, relatively little is known about trigeminal innervation of the head in fish or indeed nociception.
Various types of receptors have been identified in higher vertebrates that are innervated by the trigeminal nerve [7] . Cutaneous touch receptors that convey mechanical information regarding pressure, stretch and vibration have been described as well as chemoreceptors in oral mucosa [7] and [43] and the cornea [25] . Trigeminal nociceptors have been characterised in birds and mammals and respond preferentially to noxious, damaging stimuli [5] , [12] , [13] and [33] . These tend to have higher mechanical thresholds than touch receptors and also respond to noxious heat above 40 °C classifying them as mechanothermal nociceptors [27] . If these nociceptors also respond to noxious chemical stimulation, they are classified as polymodal nociceptors [27] . Although chemoreceptors and mechanoreceptors have been characterised from other cranial nerves in fish (e.g., olfactory (I) [21] ; facial (VII) [20] and [28] ; vestibulocochlear (VIII) [45] ; glossopharyngeal (IX) [3] and [4] ), trigeminal receptors have not been fully characterised. However, the anatomical attributes of the trigeminal nerve and tract in fish and primitive vertebrates, such as the lamprey and hagfish, have received much attention [26] , [30] , [31] and [37] .
Nociceptors have not been identified in fish and studies in elasmobranchs failed to find mechanothermal nociceptors [23] . However, receptors that responded to physical damage of the receptive field were identified in the lamprey and it was suggested that these may have a nociceptive function [29] . It has been hypothesised that the ability to recognise and react to aversive stimuli is a fundamental property of animals [6] . Nociceptors have also been characterised in invertebrate animals (e.g., the leech, Hirudo medicinalis; and the mollusc, Aplysia californica; review in Ref. [17] ). Teleost fish can learn to avoid a noxious stimulation such as electric shock [9] and, furthermore, learning is hindered by the administration of opiate analgesia [32] . This would suggest that teleost fish have nociceptors, yet no study has confirmed their existence [38] .
Nociceptors in higher vertebrates are of two fibre types; A-delta and C fibres [27] . Cutaneous A-delta fibres are thought to be involved in immediate pain or pricking pain whereas C fibres are believed to be involved in second pain or dull pain and are crucial in chronic pain [44] . Nociceptors can be classified into various types according to their physiological properties [34] , [35] and [46] Amongst cutaneous nociceptors, there are two main classes: A-delta high threshold mechanonociceptors and C polymodal nociceptors. Types and frequency distribution appear to vary amongst different body sites and animal species [1] , [22] , [34] , [35] and [46] . An anatomical study on the trigeminal nerve in the rainbow trout demonstrated the presence of A-delta and C fibres [41] and in vivo behavioural experiments showed that administration of algesic chemicals adversely affected behaviour and physiology of this fish [42] . These A-delta and C fibres could potentially act as nociceptors on the head of the trout. Therefore, the aim of the present study was to investigate what receptor types are located on the head of the rainbow trout, a teleost fish, and specifically explore the head for nociceptors. Electrophysiological recordings from the trigeminal nerve were made to assess the properties of the somatosensory units.
Materials and methods
These experiments were conducted in an ethical manner in accordance with Home Office (UK) guidelines.
Maintenance of animals
Rainbow trout (750±100 g, n=10) were supplied by a commercial fish supplier. They were maintained in two black circular tanks (130 gallons; n=5 fish maximum per tank) with a constant flow of filtered freshwater at 15 °C. They fish were fed ad libitum daily and kept on a 12:12 light-dark regime. The top of the each tank was half covered by an opaque lid to provide an area for sheltering.
Surgical procedure
Trout were caught individually by netting and initially anaesthetized by immersion in buffered MS 222 (50 mg/l; Sigma-Aldrich, UK; level of anaesthesia was medium plane indicated by loss of muscle tone) to facilitate weighing and injection of Saffan (0.3 ml/100 g; Schering-Plough Animal Health, Welwyn Garden City, UK). Once deep anaesthesia was achieved as indicated by loss of gill movements, the fish was placed into a stainless steel cradle cushioned with wet paper towel and held in position with Velcro straps. The fish had to be ventilated by flushing fresh water over the gills by means of a tube held in place by a specially constructed mouth piece. The heart rate was monitored continuously and the animal was closely observed to ensure that deep plane anaesthesia was maintained until decerebration. Skin and bone were removed above the brain and then the olfactory and optic lobes and cerebellum were removed via a suction tube connected to a vacuum pump. After decerebration a neuromuscular blocker, Pavulon (pancurorium bromide 2 mg/ml; Sigma-Aldrich) was injected intramuscularly (0.08 ml/100 g fish weight) to prevent muscular twitching. Bone was removed to expose the left trigeminal ganglion and the ganglion was desheathed and covered in paraffin to prevent moisture loss.
Electrophysiological recordings
Glass insulated tungsten microelectrodes (tip diameter 10 μm) were used to record from afferent cell bodies. The extracellular action potentials were amplified using an NL100 head stage connected to a NL104 preamplifier (Neurolog System, Digitimer, UK). The signal was displayed on a storage oscilloscope (5113, Tektronix) and stored on a personal computer using a Micro 1401 interface and Spike 2 software (CED, UK).
Following the application of stimuli to the head of the fish, evoked neural activity was recorded from single cells in the trigeminal ganglion. The skin was kept moist throughout the recording period so that responses would be fairly similar to a submerged fish. A glass mechanical probe (0.1 mm diameter) was lightly applied to the facial skin in order to locate a receptive field. Once located, the mechanical threshold of the receptor was determined by applying von Frey hairs (0.1-15.0 g at 0.1 g intervals) to the receptive field. The diameter of the receptive field was measured to 0.1 mm using Vernier calipers. The receptor was then tested for thermal and chemical sensitivity. A thermal stimulator was placed 1 mm above the area of the receptor field so that it did not burn the skin and the stimulator raised the temperature to 58 °C. Thermal sensitivity was determined by heating the skin at a rate of 1 °C/s up to 58 °C using a prefocussed quartz glass light bulb with built in reflector (A1231, 12v, 100w Wotan) orientated vertical to the skin. If the receptor responded to the increase in temperature, the threshold was determined and the response had to be repeatable. Temperature was measured using a type K thermocouple placed in the centre of the bulb focus and was controlled by a feedback circuit. The skin temperature was held at 58 °C for 10 s after which it rapidly returned to normal. The temperature increase of 1 °C/s allowed the threshold to be determined. To ascertain chemosensitivity, a single drop of 1% acetic acid (pH 2.8) was placed onto the skin at the centre of the receptive field. Since these units responded to mechanical stimulation, any responses within the first 5 ms after drop application were disregarded as possible mechanical artefacts. Acetic acid was chosen since it has deleterious behavioural and physiological effects when administered subcutaneously to the lips of the trout [42] . This stimulation was repeated to ensure the reaction to acid was a genuine response. None of the units responded to a central drop of water placed on the receptive field. Conduction velocities were obtained by placing silver wire stimulation electrodes onto the skin at the centre of the receptive field and stimulating the receptor directly by a square-wave electrical pulse using an isolated stimulator (D52; Digitimer). This stimulated an action potential from the afferent unit and the conduction velocity was estimated using the time that the action potential was recorded after the stimulus and the approximate distance travelled from the receptive field to the recording electrode in the trigeminal ganglion.
Statistics
The Spike 2 software allowed the following parameters of the action potentials to be measured: spike shape, amplitude and duration; afterhyperpolarisation (AHP) amplitude and duration and maximum rate of depolarisation (dV/dt max ). All of these parameters were compared along with conduction velocities using analysis of variance (ANOVA). Differences between units types were analysed as well as differences between different shapes of action potentials.
Results
A number of different receptor types were located on the head of the rainbow trout (Fig. 1 ). The number of units recorded from individual fish ranged between five and 13 units. Only the mechanochemical and mechanothermal units described below were not found in all fish. The areas indicated in Fig. 1 were chosen due to anatomical information regarding the branches of the trigeminal nerve, i.e., area 1 is innervated by both the ophthlamic and maxillary branches; area 2 is innervated by the mandibular branch; area 3 is innervated by the ophthalmic and area 4 is innervated by both the mandibular and maxillary branches [30] . These units responded to mechanical stimulation by either a fast adapting or slowly adapting response (Fig. 2 ). Recordings were made from the left trigeminal ganglion and so all 58 units described in this study were found on the left side of the head. The fish body temperature was kept at 20 °C and so all conduction velocities are approximately four-times slower than those of warm-blooded vertebrates. The calculated conduction velocities shown in the following descriptions are those recorded at 20 °C but these were multiplied by 4 to determine whether they were A or C fibres to make them comparable to mammalian units and to identify the unit type (see Refs. [3] , [4] , [23] , [28] and [29] ). This is justified by an anatomical study that showed the diameter of C and A fibres are identical to mammalian fibres [41] . Occasionally a unit was lost before all measurements could be completed and this is reflected in the graphs and statistics.
Fast adapting mechanoreceptors
Out of 62 units, 16 were fast adapting mechanoreceptors (FAST) that did not respond to thermal or chemical stimulation ( Fig. 2A) . Three of these units were located on the dorsal area of the head, above the eye (Fig. 1, area 1 ). Two were located directly below the eye (Fig. 1, area 3) . Six units were located on the lower jaw ventral to the mouth (Fig. 1, area 2 ) and five were found posterior to the mouth in area 4 ( Fig. 1) . The diameter of the receptive fields ranged from 1.2 to 4.6 mm×1 mm with a mean of 2.54 (±0.1) mm (Fig. 3A) . The mean mechanical thresholds of these units was 1.13 (±0.5) g and these ranged from <0.1 to 7.1 g (Fig. 3B) . Conduction velocities of these units had a mean of 3.56 (±0.3) m/s ranged from 1.62 to 6.32 m/s, which means that all these units were A-delta fibres ( Fig. 3 and Fig. 4) . The action potentials from these units were found to have three different shapes: type 1 that had no inflexion (n=9); type 2 that had a depolarisation inflexion (n=1); and type 3 that had an inflexion on repolarisation (n=8; Fig. 5 ). The properties of the action potentials are shown in Table 1 separately for each action potential shape. There were no significant differences between the three action potential types in terms of conduction velocity (F 2,12 =0.20; P=0.821; Fig. 4B 
Slowly adapting mechanoreceptors
There were 18 slowly adapting mechanoreceptors (SLOW) identified on the trout head that did not respond to thermal or chemical stimulation (Fig. 2B) . One receptor was located on the dorsal area of the head above the eye and another was found anterior to the eye on the lip of the upper jaw (Fig. 1, area 1) . Four units were located on the lower jaw ventral to the mouth (Fig. 1, area 2 ) and 12 were found posterior to the mouth on the opercular area (Fig. 1, area 4) . The diameter of the receptive fields ranged from 0.8 to 7.2 mm×1 mm with a mean of 3.49 (±0.1) mm (Fig. 3A) . Mechanical thresholds ranged from <0.1 to 3.1 g [mean 0.744 (±0.3) g; Fig. 3B ] and conduction velocities were measured between 1.4 and 6 m/s with an average of 3.56 (±0.2) m/s, which is the range for A-delta fibres (Fig. 3 and Fig. 4 ). There were three shapes of action potentials from these units: type 1 (n=5); type 2 (n=4); and type 3 (n=7; Fig. 5 ). The properties of the action potentials are shown separately for each action potential shape in Table 1 . There were no significant differences between the three action potential types in terms of conduction velocity (F 2,14 =3.08; P=0.080; Fig. 4B 
Polymodal nociceptors
Out of 62 units, 18 were polymodal nociceptors (PNs). These units showed a slowly adapting response to mechanical stimulation and responded to noxious heat and noxious chemical stimulation. One of the units was located above the eye and three units were found anterior to the eye on the upper jaw (Fig. 1, area  1) . Two units was found directly below the eye (Fig. 1, area 3 ) and four were found on the lower jaw (Fig.  1, area 2) . The eight remaining units were located posterior to the mouth on area 4 (Fig. 1) . The diameter of the receptive fields had a mean of 3.20 (±0.4) mm and ranged from 1.6 to 9 mm×1 mm (Fig. 3A) . The mean mechanical threshold was 0.83 (±0.4) g and these were measured between <0.1 and 7.1 g (Fig.  3B) . Conduction velocities ranged from 0.67 to 8.5 m/s with a mean of 3.96 (±0.4) m/s (Fig. 3 and Fig. 4 ). Only one of the units recorded from was a C fibre and the remaining units were A-delta fibres. Thermal responses only occurred above 40 °C with a mean threshold of 49.3 (±2.4) °C and ranged between 40 and 58 °C (Fig. 3D ). There were three shapes of action potentials from these units: type 1 (n=5); type 2 (n=4); and type 3 (n=7; Fig. 5 ). The properties of the action potentials are shown separately for each action potential shape in Table 1 . There were no significant differences between the three action potential types in terms of conduction velocity (F 2,16 =0.56; P=0.585; Fig. 3B 
Mechanothermal nociceptors
Four units responded to noxious heat but not to chemical stimulation (MTN). One of these units was located directly below the eye (Fig. 1, area 3 ) and the rest were found posterior to the mouth on the opercular area (Fig. 1, area 4) . The diameter of the receptive fields ranged between 1.3 and 3.9 mm×1 mm with a mean of 2.83 (±1.2) mm (Fig. 3A) . Thermal responses were only elicited above 40 °C with a mean threshold of 46.2 (±0.4) °C and ranged between 40 and 45 °C (Fig. 3D) . All mechanical thresholds were below 0.1 g (Fig. 3B) . Conduction velocities ranged between 4 and 4.7 m/s with a mean of 3.71 (±0.5) m/s and as such, these were A-delta fibres (Fig. 3 and Fig. 4 ). There were three shapes of action potentials from these units: type 1 (n=1); type 2 (n=2); and type 3 (n=1; Fig. 5 ). The properties of the action potentials are shown separately for each action potential shape in Table 1 . There were no significant differences between the three action potential types in terms of conduction velocity (F 2,1 =4.09; P=0.330; Fig. 4B 
Mechanochemical receptors
Six of the 62 units responded to chemical stimulation but not to thermal stimulation. Two of these units were found on the upper jaw (Fig. 1, area 1) and one on the lower jaw (Fig. 1, area 2) . One was also found directly beneath the eye (Fig. 1, area 3 ) and the remaining three were found posterior to the mouth (Fig. 1, area 4) . The diameter of the receptive fields ranged from 1.2 to 5.8 mm×1 mm with a mean diameter of 2.52 (±0.4) mm (Fig. 3A) . The mechanical thresholds were measured between <0.1 and 3.4 g with a mean threshold of 0.78 (±0.5). Conduction velocities had a mean of 4.28 (±0.1) m/s were measured in the range of 2.58 and 5 m/s, which means these units were A-delta fibres (Fig. 3 and Fig. 4 ). There were only two shapes of action potentials from these units: type 1 (n=2); and type 3 (n=4; Fig. 5 ). The properties of the action potentials are shown separately for each action potential shape in Table 1 . There were no significant differences between the two action potential types in terms of conduction velocity (F 1,5 =1.71; P=0.282; Fig. 3B 
Comparison of the receptor types
The receptor types had similar properties. There was no significant difference between the five different receptor types in terms of the diameter of the receptive field ( The conduction velocity of the majority of the units are shown in Fig. 4A indicating that most of the units have a velocity between 2.6 and 5.5 m/s. As expected, action potential duration was negatively correlated with conduction velocity ( Fig. 4B) . 
Discussion
Five different receptor types that were innervated by the trigeminal nerve were found on the head of the rainbow trout. Over half of these units were monomodal and only responded to mechanical stimulation. The fast adapting mechanoreceptors are possibly touch units and these have been described in mammalian skin [39] . These units also had low mechanical thresholds, which is characteristic of mammalian touch units. The slowly adapting mechanoreceptors are possibly pressure units and these also have low mechanical thresholds similar to mammalian skin pressure receptors [39] . Two of the other receptor types were bimodal with both of these types having mechanical sensitivity and were responsive to either thermal or chemical stimulation. The mechanothermal (MT) units only responded to temperature in the noxious range (>40 °C [27] ) and as such can be classified as mechanothermal nociceptors [27] and [43] . The mechanochemical (MC) units could potentially be nociceptive but without further testing this cannot be concluded from the present study. The predominating receptor type was polymodal, responding to both noxious heat and chemical stimuli, and as such can be classified as nociceptive (PN) [27] .
The diameter of the receptive fields of each receptor type was similar to those found in higher vertebrates (e.g., birds [14] , mice [43] ). The mechanical thresholds were lower and so the nociceptors were much more sensitive than those found in bird and mammalian skin [14] and [15] . Mammalian skin nociceptors need a pressure of above 0.6 g before they are mechanically stimulated [27] . This may be due to the porous, more easily damaged nature of the fish skin. However, the fish nociceptors have mechanical thresholds that are similar to those found in corneal nociceptors which have lower mechanical thresholds than nociceptors found in mammalian skin or oral mucosa [2] and [25] .
From the peripheral conduction velocities, all but one of the units recorded from were A-delta fibres. Only one C fibre was found in this study and it was a polymodal nociceptor. It may be difficult to locate a C fibre since only 4% of total trigeminal fibres are C fibres whereas A-delta fibres comprise 25% of fibre type in the rainbow trout [41] . This is in contrast to the situation in amphibia, birds and mammals where C fibres compose 50-65% of total fibre type [47] . This may represent an evolutionary difference between teleost fish and higher vertebrates. In higher vertebrates, touch and pressure units are generally A-beta fibres with much higher conduction velocities than those recorded in the trout [39] . This suggests that Abeta fibres may have a different role in teleosts and future studies should investigate their function.
Since nearly all of the units were A-delta fibres, this may explain why there were no major differences between their electrophysiological properties. Three different shapes of action potentials were found and only one receptor type, the MC units, did not have all three shapes. This could be due to the low number of MC units found in this study (n=6). Apart from the MTN units there were no differences in the physiological characteristics of the different shaped action potentials for the other four receptor types. The dissimilarity shown by the statistical analyses for the MTN units cannot be conclusive since the sample sizes were too small (n=4).
The conduction velocities and action potential durations of the PN and MTN units are similar to the properties of mammalian corneal nociceptors [25] . The duration of the fish nociceptors action potentials are longer than mammalian nociceptors but this could be due to the difference in body temperature between a fish (∼20 °C) and a mammal (37 °C). Therefore, the fish nociceptive units fire at a much slower rate due to this temperature difference. This could also explain why the maximum rate of depolarisation is also slower in the fish nociceptors [25] . The AHP amplitudes of the fish nociceptors are comparable to those in the mammal but they are of shorter duration [25] . When examining the relationship between action potential duration and conduction velocity, a typical mammalian A-delta polymodal nociceptor relationship is found [25] . Mammalian polymodal nociceptors have been observed to have large, broad action potentials and slow depolarisation as well as an inflexion on repolarisation but a third of the A-delta nociceptors have no inflexion [11] and [25] . Here in the fish many of the nociceptors had broad, slow action potentials with either an inflexion on repolarisation or no inflexion. However many of these nociceptors had an inflexion on depolarisation and this may be an attribute that is not found on the action potentials of mammalian nociceptors and is, therefore, peculiar to the rainbow trout. It would be interesting to examine other fish species from a comparative point of view. This study has shown that the head of the rainbow trout has a fine innervation of somatosensory information from the trigeminal nerve. Many units, including some of the nociceptors, had mechanical thresholds of less than 0.1 g. Polymodal A-delta fibres predominated in the recordings from the trigeminal ganglion of the trout. Polymodal A-delta nociceptors are rarely found in higher vertebrate skin [22] but are commonly found in oral mucosa [43] ; skeletal muscle [18] ; and visceral organs [16] and [19] . It was suggested that the nociceptors of these areas are mainly polymodal since they come into contact with various aqueous and hard substances that give a mixture of mechanical, thermal and chemical stimulation. The rainbow trout inhabits an aqueous environment and thus it is intuitive that the majority of nociceptors are polymodal. The fish nociceptors share common elements with mammalian nociceptors and, therefore, these properties are possibly fundamental aspects of structure and function of nociceptive neurons.
It is interesting that a fish species, which inhabits environments between 0 and 25 °C usually of a relatively neutral pH in freshwater, possesses nociceptors that respond to temperatures above 40 °C and are stimulated by acid at pH 2.8. It may be possible that this species evolved in a hot, acidic environment in the distant past and this explains the presence of these receptors. Although it would be expected that these receptors would be lost in more recent times if they are not used. An evolutionary approach assessing climate and water quality is necessary to explore this hypothesis. Industrial and agricultural effluents are discharged into waterways and these are possibly of a high temperature and/or acidic so it is crucial for the fish's survival to be able to detect these noxious stimuli and avoid them and so nociceptive capability is a necessity.
